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POLYCARBOSILANES: AN OVERVIEW

Dietmar Seyferth

Department of Chemistry

Massachusetts institute of Technology

Cambridge, MA 02139

\ ý1olycarbosilanes, in their broadest definition, arn organosilicon polymers whose
backbone is composed of silicon atoms, appropriately substituted, and

difunctional organic groups which bridge the silicon atom as shown in formula

/.'-i--polycarbosilanes may be linear. or they can be cyclic or polycyclic,

H1 /

R

Or they can be hybrids of two or all three of iihese. The organic "bridge".

-(C)-. can be quite varied - a patent attorney's delight: CH2' CH 2CH 2 , higher
(CH 2 )n (>3). CH-CH. CH 2CHCHCH2, CmC, CH 2CrnCCH arylene.
xylylene, etc.. etc. We shall restrict the scope of this discussion to the case
where the connecting bridge is CH 2 , i.e., the "polysilmethylenes". since a

~~,- - ~ ~ q m - ~q ft~ ~ u ft A VtK~t ~ '.!~ 2AA A -%I :7ý ,k .,A A



major empbcais will be on polymeric precursors for silicon cerbide, i.e., on
carbosilane-type preceramic polymers [I I whose pyrolysis gives a ceramic
product as close as possible to the composition SiC. The polysilmethylenes

may be viewed as the carbon analogs of the polysiloxanes:

4S-O * oyiehyalxn
CH3

C13
4Si-.CH24 - polydimethylsilaethyIene

CH 3

Carbosilanes, defined this narrowly, as a class, monomers, cyclic and polycyclic
oligomers and linear polymers, with emphasis on the cyclic and polycyclic
systems, have been discussed in detail in an excellent recent book by Fritz and
Matem [21.

The possibility of linear polysilmethylenes (although none were known at
the time) was discussed by Rochow in his seminal book on organosilicon
chemistry in 1949 [3]. At that time, two of the applicable preparative
procedures had been reported, but had, as yet, only been applied to "small"
molecules (eq. 1 and 2). Goodwin and Clark at Dow Coming Corporation

ref.[4]
(CH3 ) 3SiCH2MNC1 + (CH3 ) 3SiC1 - (CH3 ) 3SiCH2 Si(CH3 ) 3

(1)

ref.151]
(CH3 ) 3SICI + C1CH 28i(CH3 )2cEt + 2 Na

(CH3 ) 3 SiCH2 Si(CH3 )2OEt (2)

prepared lower oligomers containing at least three silicon atoms by



organomiagnelslw orgutosodium or organoaluminum routes [61 and Sommer,
Mitch and Goldberg [71 using an organolithium route, prepared
methylpolysilmethylene, CH 3[Si(CI.13)2 CH 21 H, with n - 2, 3, 4, 5. These
stepwise procedures, however, were not readily applicable to the synthesis of
polysilmethylenes, of higher molecular weight.

It was the action of reactive metals on (halomethyl)halosilanes (eq.3)
which provided a general route to such polymers. Thus, the action of sodium
on CICH Si(CH ) C1 gave [(CH ) SV1I2) [8). Removal of a volatile

R K

n XCH 2- h- IRR'SiCE2H * X (oz 2 MX) (3)

fraction, bp 150-2500 C, left a residue of average molecular weight 830 (DP
11. 8), with a viscosity of 300-400 cs at 259C [8b].

In the sixties, such reactkufl were of greater interest as a source of 1.3-
disilacyclobutanes (eq. 4) [91. 11,1 3,3-Tetramnethyl-1I 3-disilacyclobutane

X g R CHi R
%,/ 2\ /

2 XCH 2 Si-X .Si Si + MgX 2  (4)

Rip R' NCH 2  R

had been prepared earlier by Knoth and Lindsey [101, but a multistep synthesis
was involved which was not generalizable to the synthesis of Si-functional 1.3-
disilacyclobutanes. T'he reaction shown in eq. 4, provided it is carried out in
the right way, represents a gooc2. general route to I .3-disilac,.yclobutanes. This
reaction was reported first by Mullier and his coworkers [11, 1. In this work.
diethyl ether was used as reaction solvent and the product yield was only around
4%. Somewhat better yields were obtained by Russian workers 1121, but it was
the detailed studies of the (chloromethyl)chlorositane /magnesium reaction by
Kriner 1131 which provided a good synthesis of I ,3-disilacyclobutanes. In most
preparations of such compounds the yields generally are in the 30-60% range.



SCHEME I.

CH2cl THF

Mg +4CH s

"Cl

(CH3)2

CH C0-0 CH2
(CH3 ) 2 Si ,Si(CH 3 ) 2  +

CH2  (CH 3 ) 2 S si(CH3 ) 2

C2
(50%) (19%)

(CH3 ) 2

"+-Ch 2  i(CH3 )2-+ higher cyclo-[Me 2 SiCH2 1n

I 1I
CH3 ) 2 Si CH2

CH -Si/

(CH3 ) 2  CH3

+ CltSi-CH2 1xCII
CH3

(linear)



CiCH 3)2sicR2Ci + Mg WCH CiC 3 )2SLCH2mgCi

Ci(CH 3 )2SiCH2MgCi Cl(CH3 )2 S iCH2 C'--

WCH C 3 ) 2S1CH SL(CR3 2CH C1

+. MH *C(C 3)2SiCH 2 mCL

Cit (CH 3)2SiCH2Ci

Ci (CR3 2SiC 2Si (CR3 2CH mgCi + Clit(CH 3 )2 SiCH2CL

E(ICH 3 )2 SiCH2 )2

+ Mg

Cit CH 3 )2 SiCH 2 12 Si (CH3 )2 CH 2 MqCiA

-N C i( H ) Si H 0 C 1((CH 3 )2 SiCH 2 13Si(CH 3 )2CH 2 C

-M~2

(CH )SiCH 2]



although in mo cass they can be greater. Higher cyclic oligomers. cyclo-
I(CH 3 )2SiCH2 13 and cyclo-[(CH 3)2SaCH2 14 in the caem of (CH3)2(CH2CI)SiCI,
also wre formed.

In spite of reaction conditions chosen to optimize formation of 1,3-
disilacyciobutanes (*inverse addition', i.e., addition of the magnesium to a
solution of the RR'(CH2 CI)SICI. high dilution), some linear, higher molecular
weight product is formed (although this is not always mentioned in the
description of the experirnents by other author). Scheme I depicts t wte
various products and Scheme 2 shows the sequential organomagneslum coupling
reactions believed to be responsible for their formation [13a1. Hydrolytic
workup linked the linear species via siloxane bonds. Formation of linear
polysilmethylene was the major process which occurred when
(CH 3)2Si(CH 2C I)CI was added to a suspension of magnesium in diethyl ether
or THF. In one such reaction carried out in THF, the yield of cyclo-

[(CH 3)2SiCH 212 was only 6.7%, that of [(CH3)2SiCH2| 3 1.4%, and the main
product was a viscous, opaque residue, molecular weight about 930 [ 13b].

When the starting (chloromethyl)chlorosilane contained more than one Si-
Cl bond. lower yields of the 1,3-disilacyclobutane were obtained dve to side
reactions resulting from the availability of more Si-Cl functions (in the case of
CH3Si(CH2CI)CI2. _2 was produced in addition to cyclo-[CH3(CI)SiCH 2 12 ) and

C12 (CH3 ) )SiCH2 ,, SieC 2 %%, SeCH3

C3  C 2  C

2

to formation of higher yields of polysilmethylene [13, 141.
According to the available reports discussed above, the

RR'Si(CH2CI)CI/metal reactions (M - Na. Mg) do not appear to give high
molecular weight polysilmethylenes and at this time. this reaction has not found
useful application in preceramic polymer synthesis. However. the introduction
of crosslinking processes into the basic metal-effected dehalogenative
polymerizatinn of (CH 3)2Si(CH 2C I)CI was shown by Schilling and his
coworkers [151 to result in formation of polycarbosilanes whose pyrolysis gave
higher ceramic yields. Thus. cocondensation of (CH3)2Si(CH2CI)CI with



CH3SICI3 by res'edon with potasium in THF produced a branched
polycaeolane. ((CH3)2SiCH2)x(CH 3S') In, which on pyrolysis to 1200*C
gao a 31% yield of a-SiC. (This yield still is too low, and In further work,
Schilling developed useful SIC polymer precursors which, however, are
polysilanes, not polycarbosilanes (153.

Another procedure for the synthesis of 1,3-disil•€-clo-butanes is the
pyrolysis of Monosilacyclobutanes (eq.5), (9, 14, 161, but this method has
difficulties and disadvantages (141. One of these is that po!ysilmethylene
formation is a side-reaction when it is carried out in the gs-phase.

R~ ,CH 2  high It CH It
"2 3 c2 .4 (5)

It/ CR2d teap. 16 \CH 4e2 S2

Such polymerization apparently is the sole process when the silacyclobutane
thermolysis is carried out in the liquid phase (eq. 6).

/ Ca2 a

RR'Si 'CH2 RR'Si-CH2 + C2H4 - 'RR'SiCH2]x (6)

A more useful thermolytic polymerization which produces linear
polysilmethylenes is that of 1,3-dlsilacyclobutanes carried out in the liquid
phase. Such polymerization of 1, 1,3.3-tetramethyl-l .3-disilacyclobutane was
reported first by Knoth 1171 (eq.7). This process was studied in some detail by
Russian workers 1181. 1,l,3,3-Tetramethyl-1,3-dsilacydobutane is more

CH 300"C
3 )2 15 (CH 3 ) 2  . CH (CH3)2SiCH 2 ]n (7)

thermally stable than 1. l-dimethyl-l-silacyclobutane. Aryl and, more so.
chlorine substituents on silicon enhance thermal stability of silacyclobutanes.
The rate of the first-order thermal decomposition of silacyclobutanes varies
inversely with the dielectric constant of the solvent used. Radical initiators have
no effect on the thermal decomposition and a polar mechanism was suggested.



Therm polymerization of cyclo-lPh2 SICH2 2 has been reported to occur a

I0O-200C. The product was a crystalline white powder which was Insoluble in
benzene and other common organic solvents (191.

Anionic polymerization of .3-dAsilacyclobutom also is possible. Solid
KOH and allai metal sllolates were mentioned as being effective by Russian
authors (18, 19. 201, However, alkyllthlums, which com initiate polymerization
of Silgcyclobunes (eq. 8) 1211. do not initiate polymerization of 1,3-
disllacyclobutn [18,221. The problem is one of steric hindrance

CH R#Li

n R L 2 to,2 RPIR28s 2CE2CE 21nrLi (a)

The first intermediate, resulting from cyclo-[(CH3 2 SICHI22 ring opening by
RU, is R(CH3) 2SiCH2SI(CH3) 2CH2U. a bulky neopentylw-type reagent. Its
attack at 4nother cyclo-[(CH3) 2 SiCH2 ]2 molecule will not be very favorable and

so the polymerization does not progress. In fact, it is possible to polymerize 3
selectively via monosilacyclobutane ring opening using an organolithium

initiator I 181.

00CH CH

3Cl 2 C 000

3

Si

Transition metal catalysts are especially effective in initiating the ring-

opening polymerization of 1.3-disilc)yclobutames to give polysilmethyle:,tz as
reported by various workers 123-301. Products ranging from low molecular

weight telomers to high molecular weight polymers (Mn 10') could be
prepared, depending on experimental conditions. A large variety of transition

metal catalysts was applicable: Pt/C, H PtCI6. 6H 0 PMCI rCI6 RuCI2 6 2' 2% 6' 4
AuC! 4" PdCI2, Rul3, [olefin PtCI2 12 , (Et 2 S) 2PMCI 2 . (Bu 3 P)2 Pt2 C14 '
(Ph 3 P) 2 P(C3)2 (Pr 3As) 2PC2 PdBr AuCI3, CuCI CuCI. x-crotylnickel



and -chromium compounds, and others. The telomeric products of lower
molecular weight were obtained when, the catalytic I ,34dlsilacyclobutane ring
opening was carried out in the presence of small amounts of trialkylsilanes,
R 3SIH 123, 24. 261, or carbon tetrabromwlde 1A261.

The high molecular weight ((CH 3)2 SiCH2IA polymers are very thermally
stable (2.0% weight loss after heating at 4500C In vacuo for 30 min 1261.
However. pyrolysis under argon at IOOO*C leaves little or no ceramic residue.
so they anreoot useful preceramic polymers. Their thermal stability is poor in
the presence of oxygen. polydimethylsiloxanes and formaldehyde and oxides of
carbon being obtained as oxidation products. They are Inert toward
concentrated mineral acids and alkalis at room temperature. but chlorinolysis to
lower molecular weight products occurs on phooin- ce chlorination at 20bC
1261. Attempted conversion of ((CH 3)2 SICH 2IA to ICH 3(CI)SICH A by
titatment with the (CH h S1C1/AICI 3 silicon-methyl cleavage reagent did result
in the desired methyl group cleavage, but the polymer of initial molecular
weight 250.000 underwent chain scission. i.e.. SI-CH 2cleavage as well, to gv
ICH 3 (Cl)SICH 2In products of average molecular weight 2300 1311.

Most of the polymerization studies were carried out with
1(CH 3)2 SiCH 21n* The platinum-catalyzed polymerization of cyclo-
ICH 3(EtO)SICH 2 12 and cyclo-1CH 3(CI)SiCH 2J2 gave only low yields of viscous
liquid polymers 1231. Each of these monomers was copolvratested with cyclo-
[(CH 3)2 SiCH 2 12 * Sinc the SI-H bond also is aictivated by transition metal
catalysts. such catalyzed ring-opening polymerization of cyclo-(CH 3(H)SiCH 2 12
very likely would presenit complications. Fairly low molecular weight
ICH 3(H)SiCH A oligomers were. however, accessible by another route: the
LUMH 4 reduction of the 1CH 3(Cl)SiCH21P. oligomers mentioned above (311I. In
spite of their potentially useful reactive Si-H functionality. pyrolysis of these
oligomers gave a ceramic yield of only 5%. Thus, a facle thermal crosstinking
process did not occur.

Potydimethylsilylene, I(CH 3)2 SiCH 21n . has received detailed study by
Mark and his coworkers at the University of Cincinnati 1321. This polymer was
prepared by H 2 tC16 6H 0-catalyzed ring opening polymerization (at 250C for
3 days) of 1.1 .3,3-tetramethyl-l .3-disitacyclobutane. The polymeric product
was fractionated by precipitation from benzene by addition of methanol and the
fractions obtained were characterized using viscosity. osmotic pressure and
dielectric constant measurements. Samples of the polymer which had been



croulinked by y-iadlaon [32ai or a peroxide cure 132d1 aso were investigated
(stre-sstrin Isotherms and thermoenul-i properties) in order to obtain useful
information about the statistical properties of these chain molecules. The
experimental and theoretical studies indicated that the most appropriate model
for the (('CH 3 )2 SICH2An chain is one in which there is no strong preference for

any conf nmat I: mos are of Identical energy [32b1. Also studied was the
stress optical behavior of polydimethylsllylene 132c.dj.

The polysilmethylenes. however. apparently ere not useful polymers.

either as such or as precrsors for silicon carbide. A rubbery material could be

prepared by treatment of [(CH 3 )2 SICH2 A with dicumyl peroxide in the

presence of fused silica and ground quartz. but no utility was claimed for this

product 1261. The probable reason that polysilmethylenes are not useful

precerunic polymers is that on pyrolysis they undergo chain scission. The
reactive chain end thus generated, most likely a free radical center. then

undergoes back-blting. iLe.. SH2 attack further along the chain with resulting

extrusion of a small, volatile, cyclic species (cyClo-[(CH 3 )2 SICH2 n (n -

2.3.4...) in the case of polydimethylsilmethylene. as shown in Scheme 3. The

result is that no residue is left behind as the polymer pyiolysis proceeds; all or

most of the polymer is converted to volatiles. An apparent exception to this is

the case of cyclo-(H 2 SiCH2 12 which was reported to have been polymerized by

catalytic activation with H2 PtCI6 .6H 20 at 751C in vacuo to give a *viscous
liquid or a clear cake* which was claimed to "have a linear polycarbosilane

structure* (331. Pyrolysis of this material to 9000C, it was claimed, gave an
85% yield of silicon carbide. It seems doubtful that a linear polymer had been

formed.

Polysilmothylene chains also are formed in the thermal, copper-catalyzed

reactions of methylene chloride and chloroform with elemental silicon.

Reported first by Patnode and Schiessler in 1945, the CH2 Cl 2-Si/Cu rection

produced Cl 3SiCH2 Si3 Cl 3SiCH SCI2 H and cyclo-ICI2 SiCH 2 ]3 as isolable
products 1341. Also formed in this reaction was a viscous liquid product of

approximate composition [CI2 SiCH2 ]n. However, it was the work of Fritz and

Worsching 1351 which led to the utilization of the CH Cl -Si/Cu reaction in the
22'

formation of silmethylenes of higher molecular weight. The production of such

species was optimized when the reaction was caTied out in a fluidized bed

reactor. For ease of analysis, all Si-Cl bonds in the product mixture were

reduced to Si-H; this permitted the application of HPLC in the separation of
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.1

individual compounds in the product mixture. Those polysilmethylenes thus
isolated and Identified wiich contain four or more silicon atoms are shown in

Table 1. The CHCI3 -Si/Cu reaction was carried out under the same conditions
and also was fodowed by Si-Cl to Si-H reduction and HPLC. The branched
polycarbosilane products thus isolated that contain four or more silicon atoms
are depicted in Table II. These mixtures (or the higher molecular weight
portions of these mixtures) present interesting possibilities as preceramic
materials.

The polycarbosilanes which are precursors to the Nicalon ceramic fibers
are not strictly polysilmethylenes. However, their main repeat units are
[CH3 (H)SiCH2 I and [(CH 3)2SiCH2 ], so they will be discussed here. The
preparation of these polymeric precursors to silicon carbide as effected by S.
Yajima and his coworkers was an important developmet [361. The chemistry
involved is fairly complex [36-391. It is based on the thermal rearrangement of
polydimethylsilylene (derived from sodium condensation of (CH 3)2SiCl2 ),
initially, very likely to a polysilmethylene-type polymer as a result of a
Kumada-type free radical rearrangement (which, in its simplest example
converts. (CH3)3SiSi(CH3)3 to (CH 3)3SiCH2Si(CH 3)2H [401). In the case of
polydimethylsilylene, such a rearrangement would give as product
[CH 3(H)SiCH2 1n. However, it is clear that the thermal conversion effected at
450-470"C does not stop there. IR and NMR spectroscopic studies have shown

that the Yajima polycarbosilane has a more complicated structure than
ICH 3(H)SiCH2 1n, and crosslinking and cyclization processes [such as that
shown below (no mechanism implied)] have been suggested [411. Ultimately.
this would result in a polymeric product containing cyclic and polycyclic units
linked by linear bridges. A structure which contains such building blocks,

suggested by Yajima [361, is shown in Fig. 1. Such a structure, on pyrolysis,
should leave a higher yield of ceramic residue than the linear [CH 3(H)SiCH 2in'

This is indeed the case. In one procedure, the yellowish-
brown, glassy polycarbosilane which was obtained by heating the
polydimethylsilylene at 450-470 C in an autoclave was heated at 2800 C/I mm

Hg to rvmove volatiles. Pyrolysis of this material left a residue of silicon
carbide and free carbon. The pyrolysis process has been investigated in some
detail by iasegawa and Okamura using spectroscopy, TGA-DTA and gas
evolution studies [421. The ceramic yields obtained on pyrolysis of such
products usually are around 60%. These polycarbosilanes can be melt-spun



TABLE I

Compounds containing 4 ofr ni~t Si atoms rrom the reaction of CHCI, with Si, after
hydropnation

H'SilCH. -SaHI,%Ie H2 S' Sill 2

L.,,J (SiH2 C - iH

So H3SICH. -SiHJ,Me

HSiSICH, -SiHds3CH, -SiH, 2 SH
HSIUCH, -SIH, 4CH. SiH, SH

H2S S (CM2- SM )2 H2 -S H3 t i)H (SiH 2 -C12)SSiH3

82
Si HSiECm. -Sim ).CH, -SiH,

M42 H3SitCH, -SiHj,CH., -SiH,
H,SiiCH, -SiHj.Me H SIICH, -SiH.j1 ,CH, -S.*H
H 3 SiUCH., -StH. 1L,CH, -SiH,
Hm iCH -SiHj.CHI.-iH,42 Si Si SiM3
HISOH, SiH,.H 2 i A'

142Si_**S Si(C2SH)CI4-i4

I4 S i ý H (SftC H 2 S i 2 )3 C N 2 - S i H 3

H2 H2SUCH -SiHL2SiH2) CH2 i

H 2SiC -SiN (C e H? -SiH )3S S Si N

HSi SiC4 SH)C 2 S 3  H2SiCH _Sg(C82 -i8 2 7 1 2-,4KK2K5)H. St.icHSi _ý M
82 H,~~Sj(CHZ-j~

,SiCH. (SiHj.-%je &iH H

"825 uH 2  H SiN2) CM2 C H2-SiH)iN3 H2-

Si?



TABLE II

Compounds obtained from the reaction of Si with CHCI3 after Conveusion Or SiCI te Sill
groups- Oni'. compounds containing more than 4 Si atom's are shown

143 H3
Si* S.

1143

143 143"% Si N

Si SSSa14

Si 9

M24 143

Njo-ýS Si Sj" 14

SiS So S.

14" NZ 4
1 Si NJS

43 1S43 Sim

lil 143ý Si ,4 
143,ýS 3 

A N



CH3 CH2  CH2,. CHI CH2
SS Si ýSi Si

si \.7/ \.7 \s7 \/s \
/\ ' \ / \ /' N\

CH3  H CHI H CH3  CH3 CHI CH3 H CH3  __4, "
H2, CH, CH2 H, CH2

S ". Si S i

CHI H CHI H CHI CH3 CH3  CHI CHI CHI

H CH3  CHI

CH\ I ,CHz CH, CH2  CH,sI'll \1 -1 /cs i/ --ý /
Si Si /, ,,

CH, H H CH3

LCH \ CH CH CHI CH2--

S Si 5i Si Si

CH, H CH3  H CHI CH, CH, CH' &H3  CH 3

into continuous fibers and the latter, after an oxidative cure step to render them
infusible, can be pyrolyzed to give black ceramic fibers, the so-called Nicalon
fibers which are commercially available [431.

H

CHI Si H CHI H CHI CI H\ CHI

•Si i SiH CR3 CH3 CHI ~H3 CHI \ 7 \z /S 7 7/\
"SI C/ CHI CR ~ H CHI CHI

C,./ \ /•\ CH 3

CH3 /CH3 H CH H
CHvJ /iCR 3 C

7H Si CH3
CH2



I

There a other variations of the basic Yajima polycarbosilane. In one
case, the polydimethylsilylene is mixed with a few weight percent of a
polyborodiphenylsiloxane prior to thermal rearrangement. This additive (which
ends up in the polymeric product) serves to accelerate the rearrangement
process so that it can be carried out at 350°C at atmospheric pressure [421. In
another variation, the polycabosilane obtained forn the
polyborodiphenylsioxane-inruced thermal rearrangement (Mn = 950) was
heated in xylene at 1300C to 2200C with Ti(OC4 H9 )4 to produce a more
highly crosslinked (Mn = 1674) Ti-containing polycarbosilane [441.
Crosslinking occurs via Si-O-Ti-O-Si linkages and pyrolysis of this polymer in a
stream of nitrogen to 17006C gave a ceramic product that contained (by X-ray
diffraction) TiC as well as SiC. Pyrolysis to 13000C gave a ceramic yield of
around 72%. This type of Ti-containing polycarbosilane is a commercial
product of Ube Industries.

Another process for silicon carbide fibers, developed by Verbeek and
Winter of Bayer AG [451, also Is based on polymeric precursors which contain

[SiCH2J units, although linear polysilmethylenes are not involved. The
pyrolysis of tetramethylsilane at 7000C, with provision for recycling of
unconverted (CH 3)4 Si and lower boiling products, gave a polycarbosilane resin,
yellow to red-brown in color, which was soluble in aromatic and in chlorinated
hydrocarbons. Such resins could be melt-spun but required a cure-step to
render them infusible before they were pyrolyzed to ceramic fibcrs. Oxidative
and hydrolytic cures were mentioned. The pyrolysis of tetramethylsilane has
been studied in gea detail by G. Fritz and his coworkers and modern
analytical, separation and spectroscopic techniques have enabled them to isolate
and identify a large number of the products of this very complicated process
[461 and to propose mechanisms for the thermolytic processes which result in
their formation. (This work, which spans some 30 years, is summarized in ref.
I). During (CH )4 Si pyrolysis, linear, cyclic and then polycyclic carbosilanes
of ever increasing complexity are formed [461. Some of the latter are shown in
Tables III and IV. It will be appreciated that further condensation processes.
occurring with further loss of the hydrogen and methyl substituents on carbon
and silicon, will take place when products such as these are pyrolyzed. Their
structures already give a hint of the final product, silicon carbide.

Yajima and his coworkers also studied tetramethylsilane thermolysis and
used the resulting polycarbosilane in a fiber spinning investigation [421. In



their experiments, in which the recirculating pyrolysis procedure of Fritz [471

was used. the yield of usable polycarbsilan,. (bp > 2000 C/I mm Hg) of

sufficiently high molecular weight (Mn - 774) was 6.8%. Its pyrolysis in a
nitrogen stream to ca. 1300 C gave a ceramic yield of about 73%.*

In conclusicn, the lesson learned from the research carried out to date on

the subject of polycarbosilanes is that the general rule that linear,
noncrosslinked polymers are not suitable preceramic polymers applies here as

well. Crosslinked network-type polymers are needed. Such structures can be

generated in more than one way, but in the case of the polycarbosilanes they
have, to date, been obtained mainly by thermolytic routes: thermal treatment
(with or without other chemical additives) in the case of the Yajima
polycarbosilanes and the thermolysis of tetramethylsilane in the case of the

Bayer process-derived polycarbosilane.
Although we have not discussed other types of polycarbosilanes, some

may be mentioned to show what is aviuable in terms of other specific examples

of general formula 1. Already mentioned during the course of our discussion
have been polymers of type [R 2SiCH2CH2CH21n, obtained by ring-opening
polymerization of monosilacyclobutanes. Such polymerization may be carried

out thermally [481 or catalytically [20, 21, 241 (for reviews see ref. 9 and 18).
Ring-opening polymerization of . 1 -disubstituted silacyclopentanes can be

induced with an aluminum halide catalyst at temperatures ranging from 20 -

800C (eq. 9) [491. (Silacyclohexanes did not polymerize under these

conditions).

/CH 2 -CH 2  [kAX 3  ,

R 2Si 5 1 [ R 2 SiCH2 CH2 CH2 CH2 ]n (9)
N CH2-CH2

Also of interest are the thermal ring opening polymerizatits of 1,1 -dimethyl- I -

silabenzocyclobutene (eq. 10) [501 and of 1,1,2,2-tetramethyl- 1.2-
disilabenzocyclobutene (eq. 11) [3 11. The polymer produced in the latter

reaction is a polycarbodisilane. These ring opening reactions proceed via Si-C
*i

Excessively high pyrolysis temperatures should be avoided: D. Seyferth and

J.J. Pudvin, CHEMTECH I1 (1981) 230,

_-'- ;' * m ,, m m m m :l,= ,• • • • ,. ,, c~ n •. .,,.,. ,,• .. , ,. . ,.•, ,,. ,., • . ,. , ^ . .. . .. ... ... . .. ... . -.... ... .. . . .. ... .. . . . .



TABLE III Comgounds Produced by the 2yrolysis of siMe4
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CH CH2 1 (C *c3)2 ,[* ~ (10)

SS( CH 3 ) 2  room [c 3 2si~ Si (CH 3)2]

SL(CH 3)2n

(11)1

(or in the latter cse. Si-SI) bond scission. Another type of ring-opening

polymerization involves C-C bond scission (eq. 12) 1521.

WC16 , No 2 0 2 0S• [-CN-CllCH2 Si ( C3 2 2¢12- 1 n

jig 3A1

St room temp.

CH3  CR 3  (12)

Th hydrouilylaion reaction has served in the polymerization of
vinyluiomn hydrides (eq. 13) [531. For the most part. 0S4ddition

predominated.

S2 PtC1Go6'6R20 7H3
CH2 -CHSLR 2 H (CH 2CH2SiR2 ) (CH-SiR 2 )y ] (13)

(x>)y)

Polysilaacetylides have been prepared by the reaction so BrMSCaCMgBr 1541.
(MgCoC) nnd UCICU 1531 with dichlorosilanes (eq. 14). In general, high

molecular weight products were not obtained.



I*LC3 + ( CC)n I81-C.Cin (14)

mryl dsiMarylene-Uom polymen have been reviewed [561.

Rum work of Inmtma on such sytms Is that of Koid and Lens on
poly(silaurylnsiloumem) [571 and of Ishikawa et al. 1581 on poly(p-
(disllanylene)phmnylmnes), syntmsized as shown in eq. 15.

It N. R I' I
Clst 3iCI • =I-s1-15 /)-.. (15)

(a - at and Ph)

ishikawa's polymers readily underwent photoch c degradation at specific
frequencies, an observation which suggested their application as positive UV

resists.

I a owledge with thanks the generous support of our research in the

polywlcmobeb area by the Air Force Office of Scientific Research.
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